Motivated by the recent discovery of superconductivity in two dimensional CoO2 layers, we present some possibly useful results of the RVB mean field theory applied to the triangular lattice. Away from half filling, the order parameter is found to be complex, and yields a fully gapped quasiparticle spectrum. The sign of the hopping plays a crucial role in the analysis, and we find that superconductivity is as fragile for one sign as it is robust for the other. NaxCoO2 · yH2O is argued to belong to the robust case, by comparing the LDA fermi surface with an effective tight binding model. The high frequency Hall constant in this system is potentially interesting, since it is pointed out to increase linearly with temperature without saturation for T > T degeneracy .
I. INTRODUCTION
The recent discovery of superconductivity at low temperatures in CoO 2 layered compounds [1] is an exciting event, since it may be the long sought low temperature RVB superconductor, on a lattice which was at the basis of Anderson's original ideas on a possible quantum spin liquid state [2] . Although the spin-1/2 triangular lattice appears to have better states with three sublattice magnetic order, it is possible that the RVB state is attained for sufficiently high doping, and it seems to be both useful and worthwhile to explicitly state the detailed results of the RVB ideas applied to this lattice so as to serve as a reference point for further experiments that are surely forthcoming shortly.
Another reason why the triangular lattice is important is that there exists a very complete and highly nontrivial set of ideas having their origin in the Fractional Quantum Hall physics that have been theoretically applied to the triangular lattice by Kalmeyer and Laughlin [3] . Their picture of a m=2 FQHE state of interacting hardcore bosons (viz the spin-1/2 particles ), leads to anyonic particles on doping and to a Meissner like time reversal breaking state. Such a state can be alternately viewed in the language of the flux phases, where Anderson, Shastry and Hristopulous [4] and also Reference [5] , showed its equivalence to a flux π/2 per triangle state . Systematics of the doping dependence of the optimum flux have not apparently been done, and presumably that is another interesting area to pursue in the present context.
In the present work, we perform what seems to be a consistent and simple version of RVB theory, one which yields d-wave order for the square lattice [6] and also for the other recently interesting case of SrCu 2 (BO 3 ) 2 [7] . In a similar spirit to ours, earlier calculations have been done, Reference [5] is confined to half filling, and a recent preprint by Baskaran [8] makes some qualitative points that are common to our calculations. Within this version, we evaluate the case of positive as well as negative hoppings since these are so very different in their physical content. Using the particle-hole transformation for fermions, we may define two broad cases of interest:
• Case A: Here we have either (i) t > 0 and electron doping, or (ii) t < 0 with hole doping, and • Case B: where we have either (i) t > 0 and hole doping, or (ii) t < 0 and electron doping.
Here we note that the hamiltonian of the t-J model is written in the standard form :
where P stands for the Gutzwiller projection due to large U, and the summation is over nearest neighbors. The notation of hole and electron filling is relative to half filling in the effective one band model for this system, and as usual, δ = |1 − n|, where n is the electron concentration. A first step in the direction of identifying an effective one band model is in the work of Singh [9] , whose LDA calculation of the band structure shows that the fermi energy for the case of NaCo 2 O 4 is in a tight binding like set of states of t 2g symmetry, in the close proximity of and slightly above a sharp peak in the electronic density of state. We interpret this as an example of Case A(i) above, since the fermi surface for triangular lattice tight binding band structure, ǫ(k) = −2t(cos(k x ) + 2 cos(k x /2) cos( √ 3k y /2), gives a density of states (DOS) (see Figure 1 ) with a prominent peak near the fermi level for Na 0.5 CoO 2 as well as the extremity of the band, and to the extent that the low energy structures are irrelevant, this matches the LDA DOS [10] . 
II. A FEW REMARKS ON FERROMAGNETISM AND THE HALL CONSTANT IN THE TRIANGULAR LATTICE
Before describing the RVB calculation, we recount a few remarkable features of the triangular lattice Hubbard model physics, that may be useful in future studies.
A. Ferromagnetism
Singh has noted that the LDA calculations of NaCo 2 O 4 show an instability of the paramagnetic state towards a ferromagnetic state. Indeed this is exactly what one expects from the Nagaoka physics on the triangular lattice as shown by Shastry, Krishnamurthy and Anderson [11] , who pointed out that while Case B above is highly detrimental to ferromagnetism in the infinite U limit, Case A highly favors the ferromagnetic state. This follows from a stability analysis of the low energy excitations of the state, and is presumably the fate of the t-J model at J = 0, and also in the high electron density limit of Case A(i) (where J becomes irrelevant) since in the limit of an almost filled band, with the fermi energy near a peak in the DOS (as in transition metal ferromagnetism) the work of Kanamori and Galitskii predicts ferromagnetism. Thus notwithstanding the results of the RVB state, we must expect metallic ferromagnetism in the case when the electron doping is high in Case A(i).
B. High Frequency Hall Effect
A fascinating property of the triangular lattice was noted in Reference [12] . The high frequency Hall constant R * H is amenable to a lattice walk expansion, and a simple calculation leads to
Here e is the electronic charge (negative in sign) and a 3 0 is the physical (three dimensional) unit cell volume containing one cobalt ion, which from Reference [1] may be estimated to be 67.71 × 10 −24 cm 3 [13] . We remark that this result is computed in the case of hole doping and either sign of hopping "t", i.e. Case A(ii) or B(i), and in comparing with electron doping, A(i) or B(ii), one must use the usual rules for particle hole transformation t → −t as well as δ = |1 − n|. This expression is valid when temperature, T>T degeneracy ∼ |t|. Since T degeneracy seems so low in these systems, as evinced by the strong Curie-Weiss behavior, this result, so remarkable in its absence of saturation in temperature, seems worthwhile to check experimentally. This could also be used to experimentally determine the sign of "t" for an effective one band system. The distinction between the transport and the high frequency Hall constants is argued to be through a weakly frequency and temperature dependent self energy, and hence it is possible that the transport measurements are also anomalous in the same sense [14] .
III. THE RVB CALCULATION AND ITS DETAILED PREDICTIONS

A. Mean field equations
The 'J' term in Equation 1 can be re-written as
is a singlet pair creation operator acting on a pair of sites i and j. The RVB mean field calculations are carried out by defining a complex order parameter, ∆ ij = b ij . On the triangular lattice, we have three different nearest neighbor bonds, one along say x-direction and the other two at an angle of π/3 and 2π/3 with xaxis. We consider a simple situation where the |∆ ij | = ∆ along all bonds, but three different phases are allowed along three kinds of bonds. Since one of the phases can be gauged away, only two (relative) phases are sufficient. We assign zero phase along the x-direction, θ and φ along the π/3 and 2π/3 directions, respectively. In momentum space, this choice of mean field order parameter leads to the following k-space function, D(k), which carries the order parameter symmetry information.
The effect of projection of double occupancy on hopping is accounted for by a simple approximation where t is replaced by tδ, with δ being the hole concentration. Our calculations have been done only for hole doping case, but for both t > 0 as well as t < 0 (Cases B(i) and A(ii)). The case of electron doping can easily be related to these calculations by particle-hole transformation, as described earlier.
We get two mean field equations, one for ∆ and the other for µ, the chemical potential. These are :
Here,
B. Order parameter and Quasiparticle spectrum
We solve Equations 4 and 5 self-consistently for given values of δ and t, and for different choices of θ and φ. All energies are measured in units of the exchange coupling, J.
First, we perform the computation at T=0, and find the values of θ and φ, at different hole concentrations, for which the ground state energy is minimum. This fixes the symmetry of the mean field order parameter. At δ = 0, the ground state energy is lowest for (θ, φ) = (0, ±π/2) and (θ, φ) = (±π/2, 0), in contrast to the case of (θ, φ) = (2π/3, 4π/3) of Reference [5] which has slightly higher energy. At half filling, the ground state has a lower symmetry of cubic type rather than the six-fold rotational symmetry of the triangular lattice. Away from half filling, the ground state energy is lowest at (θ, φ) = (2π/3, 4π/3),(4π/3, 2π/3) and (2π/3, −2π/3). Three other phase-points, which are related to these via inversion with respect to origin, are equivalent, and together these six minimum energy phase-points reflect the symmetry of the Brillouin zone. Figure 2 shows the mean field energy density plotted as a function of θ and φ. In rest of the calculations, we just choose one of these points to perform the computation.
At θ = 2π/3 and φ = 4π/3, for various values of t, the mean field ∆ is computed as a function of hole concentration, as shown in Figure 3 . ∆ decreases rapidly for t > 0 rather than for t < 0, as the hole concentration is increased. It suggests that Case A, that is " t < 0 and hole doping " or " t > 0 and electron doping ", presents a robust case for the RVB state of superconductivity. Next we present the quasi-particle dispersion and the quasi-particle density of states from our mean field calculations. These calculation are done for a physically relevant value of δ ∼ 0.35 at which superconductivity is observed in Na x CoO 2 · yH 2 O [1]. The cobalt oxide layer alone acts as a half filled system in the effective one band picture, therefore the carrier concentration in excess to the half filled case is just x.
Both the quasi-particle dispersion and the density of states, in Figures 4 and 5 respectively, show an energy gap in the spectrum. The reason lies in the fact that function D(k) is complex. For (θ, φ) = (2π/3, 4π/3), the function D(k) = d 1 − id 2 , where d 1 = cos(k x ) − cos(k x /2) cos( √ 3k y /2) and d 2 = √ 3 sin(k x /2) sin( √ 3k y /2). Thus our results are akin to the d x 2 −y 2 + id xy symmetry case in the cuprates.
The modulus of D(k) is non-zero at all points in the Brillouin zone, except at six zone corner points, that is (2π/3, −2π/3), (2π/3, 4π/3) etc and the origin. Though ǫ(k) − µ has contour of zeros within the Brillouin zone, the chance of six corner points lying on this contour of zeros is almost zero. This point is clear in Figure 6 , where |D(k)| and ǫ(k) − µ are plotted along three symmetry directions of the Brillouin zone. The gap for t = −1 and −2 is approximately 0.2J and 0.1J, respectively. The gap (∼ |∆|) decreases with increasing |t| as already noted. We mention that the quasi-particle spectrum is gapped for t > 0 as well, but the gap is very small around the doping of our interest. In fact for reasonable values of t (say, 3) it is zero, precisely because ∆ = 0. Thus, Case B does not favor RVB solution for large dopings, say 0.3 or beyond. We have also calculated temperature at which the mean field order parameter ∆ vanishes for different values of δ. It helps us understand the broad nature of thermodynamic phase diagram in T-δ plane. Figure 7 shows the transition temperatures for different hole concentrations for which ∆ vanishes.
The question of RVB superconductivity needs a little more care than what we have given so far. The mean field ∆, though a pairing order parameter, doesn't by itself imply superconductivity. For example at half filling ∆ is non-zero, but it is insulating. The identification of the superconducting phase in T-δ diagram can, however, be done within the frame work of the slave boson approach. This approach has been quite popular in the RVB theories of t-J model on square lattice [15] . Here the physical electron operator,
where f is the spin-1/2 neutral fermion, and b is the spin-0 charged boson, and the projection of double occupancy is in-built into the construction.
The superconducting order parameter c † c † is like bb f † f † , a product of spin pairing order parameter and a bose condensation factor. What we have got from the mean field calculation is essentially the spin-pairing order parameter. The true superconducting order parameter is ∆ SC ∼ F B ∆, where ∆ is the mean field order parameter. The bose condensation temperature for b bosons (for F B to be non-zero) needs to be estimated separately. That region of T-δ diagram, where both F B as well ∆ are non-zero, can be interpreted as the RVB superconducting phase. There are three more typical regions according to this interpretation : (1) Spin-gap : ∆ = 0 and F B = 0, (2) Strange metal : ∆ = F B = 0, and (3) Metal : ∆ = 0 and F B = 0. With this qualitative picture in mind, we will present a rough phase diagram for the cobalt oxide superconductors.
Let us briefly mention how we estimate the bose condensation temperature, T BC , for the bosons. There are other ways [15] , but we discuss our roughly equivalent prescription. The b bosons, at the level of mean field decoupling, will effectively have the same band structure as the that of the tight binding electrons on triangular lattice. Therefore, the T BC , is defined as a temperature at which the boson chemical potential tends to be the band's bottom. Since free bosons can not condense in two dimensions, we will take the case of three dimensional band structure with a large c-axis anisotropy.
Around the band's bottom, the energy dispersion can be approximated as c * (k 2 + k 2 z /γ). The curvature, c * , is related to the two dimensional density of states at the band edge, ρ * as : c * ≈ 1 4πρ * . Now, using the fact that free boson can condense in three dimensions, δ = 1 L k 1/(e βBC(ǫ(k)−ǫmin) − 1). Simplifying it for γ ≫ π/4, we get
Since the anisotropy affects only logarithmically, we can safely take some large value for γ ∼ 100, especially when the real system is a good quasi two dimensional system.
C. Phase Diagram
Here, we propose a rough phase diagram for triangular lattice, layered cobalt oxide materials over a wide range of doping calculated in scheme of Case A(ii). It seems to encompass a number of interesting phases, including the recently observed superconducting phase. We will briefly describe each of the labelled region in Figure 8 .
The exchange coupling J is estimated from the high temperature susceptibility data [16] for Na 0 .5CoO 2 . Its Curie temperature is approximately −118K which gives J∼ 79K. For doping δ = 0.35, the T C for transition into an RVB superconducting state is approximately 10K, which is not too far from the measured T C ∼ 5K [1] . An important prediction for the superconducting phase is the existence of an energy gap in the quasi-particle spectrum. And it is explained to be there because the superconducting order parameter is complex, with relative internal phases being 2π/3 and 4π/3. In order to achieve higher superconducting T C , the one should attempt to lower the electron concentration of the material, the optimal doping seems to be around 0.15. On the higher side of the doping δ > ∼ 0.5 we expect the RVB superconducting state to become unstable in favor of a ferromagnetic metallic state where the Nagaoka-Kanamori ferromagnetism plays the dominant role. We call δ = 0.5 (electron concentration, n = 1.5) as the Nagaoka-Kanamori line. At sufficiently high temperatures, we expect ferro-metal to para-metal transition across the Nagaoka-Kanamori line.
Apart from the above mentioned important phases, one may expect spin-gapped phase in the low doping, low temperature regime, since that is where exchange interaction will play more decisive role. The antiferromagnetic phase is likely to persist for small doping. We also expect a strange metallic phase to exist at moderate doping, but only at higher temperatures.
IV. SUMMARY
To summarize the work presented here, we have performed an RVB MF theory on the triangular lattice inspired by the recent discovery of the superconductivity in cobalt oxide layered materials. Several detailed results are presented. We find the symmetry of the superconducting order parameter, and predict the existence of an energy gap. We argue that the real material corresponds to an effective one band case with t > 0 and electron doping. We also present an approximate phase diagram for the cobalt oxide superconductor in the T-δ plane. We propose that the low temperature RVB superconducting phase will give way to a ferromagnetic metal at higher doping > ∼ 0.5 where we believe that the Nagaoka-Kanamori physics will dominate over the RVB physics.
One major assumption in this work is that the scale of t is not too different from J which is estimated to be around 79K. This estimate is at odds with the LDA estimate of the band width by two orders of magnitude, and thus we cannot claim to have "explained" the low degeneracy temperature scale, we have merely assumed it and worked out the consequences for other properties.
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